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Spin-state effects on the outer core-level multiplet structures for high-spin
Mn molecular clusters
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Oxo-bridged manganese polynuclear complexes have applications in a variety of technologies, such
as single-molecule nanomagnets, catalysis, and photosynthetic redox chemistry. X-ray
photoemission spectroscopy was used to study the pir88, and valence band electronic behavior

as a function of Mn cluster structural properties, where the cluster size and nuclearity are
systematically varied. Results show a chemical shift of the I3, spin—orbit pair related to the
cluster size and nuclearity. In addition, the M® 3 and®S final state multiplet components shift
since they involve the binding energy of a ligand valence electron. In addition, the branching ratio
of the ’S:®S states is related to thes33d electron correlation. Specifically, in th& state, the
remaining 3 electron is well correlated withd@electrons of parallel spin, while in thS state, the

two spins are antiparallel. Changes in this electron correlation are clearly observed’B:®e
branching ratio as a function of cluster size and ligand electronegativity20@3 American
Institute of Physics.[DOI: 10.1063/1.1540737

INTRODUCTION band, depending on the ion. Photoelectron transitions are al-

A 29 162AN —
The multiple oxidation states of transition metal ions Iowi? betw+e3en the+|2n|t|al statepﬁSs 3p°3d (N._3’4’5 for
Mn™%, Mn"°, Mn"“, respectively and a series of final

make them ideally suited for multielectron processes. Clus- 5 AN+ 1

., ; ystates (>3dVTH).
ters of transition metal ions have been found at the activ It has b h that for Mn dihalides. th ter Min 3
sites of numerous electron transfer enzymes, notably, the tet- as been shown that for Vn dihaildes, the outer isn

ramanganese cluster in the oxygen-evolving complex, th ore-‘lsevel, fmal_—state c_onf|gurat|on can be eitheBA or
site of water oxidation in photosynthetic organishis. ad- s30°L depending on final-state screening effects due to the

dition, Mn=0, where the oxidation state of Mn 4 or +5. ligand (3s andL indicate that there is one electron missing in

has been identified as the reactive species in catalytic oxid.’%}? Mnt:?]s a:r;sdf.thel I|gta:1d r\1/ aIS7eSr1ce ztgste’ respeitlﬁ_/.efly ad-
tions with Mn porphyrin3 These catalytic reactions usually ¢'°" the S final staté hass and's symmetry, for ex-

+ it 27 ~62~5\6
end with the complete conversion of the Mn to perman ang'mple. the MA™ initial state (3°3p°3d*)°S has two pos-
ate, Mr(VI1).4 P P 98NSible final states, (83p%3d°®)’S or (3'3p®3d°)°S. In the
,Oxo-bridged manganese polynuclear complexes hav7eS state, the remainings3lectron is well correlated with

also proved useful in the development of single-moleculeeleCtrons of parallel spin, while in ti& state, the two spins

nanomagnet$® These molecules have a large ground-staté®© antiparallel. This electron correlation reduces the branch-

i 7Q-5 iti i -
spin S, and a large magnetic hysteresis comparable to thlg ratio of the’S:>S states. In addition, as the ligand elec

observed in hard magnets. This establishes molecular bistg_onegativity decreases, charge-transfer saiellites become im-

bility in a molecular nanomagnet, opening the way to stord’ortant, and the spin state pu.rlty IS Ios_t in thespectra. The
information at the molecular level. spectra become representative of mixed unscreenddf)(3

Spin-state effects can be examined by x-ray photoemis@nd locally screened @'*1) final states. Thus, we see that

sion spectroscopyXPS) of outer core-level multiplet struc- the ﬁ]c oret-'lelvel IS po'?”tzr? d by tEed?fsheII. ¢ tic study of
tures. Previous photoemission studies on transition metaLe IS articie presents the results ot a systematic study o

compounds reveal core-level multiplet structures that art %fanlslﬂaa corE-!zveldphotoemlsslorg atnd satel:|te sltrucl-
best understood in terms of configuration-interacti@) ures for vin oxo-bridged compounds. Luter core-level mul-

calculations, including intrashell electron correlation, charge:“_plet sphftlng_twas ghl_arac;[jerlzed Iast a fur;c?_on 0; i\Anag:léster
transfer, and final-state screenifig In addition, these mul- 5'2€; nuclearity, and ligand type. Interpretation o fpe

tiplet structures are also strongly influenced by covalenc;{o’S s;]peflctr? '? conS|steInttIW|th trt(é:l) TOde:; mcluﬂw;_g I?-t i
and ligand coordinatiof? 13 rashell electron correlation, charge-transfer, and final-state

The neutral Mn atom has as12s22p®3s?3p®3d® con- ~ SCT€€NINg.
figuration and a high-spip3d®4s?] configuration. In solids,
the (empty 4s band lies 2 to 4 eV above the top of thd8 ~ EXPERIMENTAL PROCEDURE

The manganese polynuclear complexes have been char-
dElectronic mail: nelson63@IInl.gov acterized as having trapped-valence oxidation-state Mn cores
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FIG. 1. High-resolution XPS spectra of Mp3and 3 core levels for the
Mn polynuclear complexes. FIG. 2. Expanded high-resolution XPS spectra of Mic8re levels for the
Mn polynuclear complexes.

bridged to various ligands. The Mn cores analyzed are
Mn®*,  [MnyO1®", [Mn,O4]’", [Mn,0,]®", and
[Mny,0;,]%". The ligands are the anion of dibenzoyl-
methane (DBM), the anion of 2-hydroxymethyl pyridine
(HMP™), pyridine  (Py), and  2-hydroxy-2,4,6-
cycloheptatrienone(tropolone or TROP Note that the

I|gands TROP,DBM™ and HMP pmd as anions, Wh".e Py features in these spectra and those in the literdtifeSpe-
binds as a neutral group. The cation tatrhutylammonium o . : o
%mcally, the main 3 line represents thé&P ionic final state,

(TBA) is used as a counter ion. These structures have higa d the higher bindina enerav shoulder represents the spin—
ground-state spins, as determined by the oxidation state ard, 9 9 ay P P

o 16 orbit componenfP(1). Final-state screening effects in the
topology of the polynuclear transition metal cdfe. core-level spectra depend strongly on the electronegativity of
Electronic spectroscopy for chemical analySESCA) P P gy 9 y

. . . e anions (DBM, HMP~, and TROP) and will affect the
experiments were performed on a Physical Electronics 540 ! . . .
. . Inal-state branching ratio. Specifically, note the variation of
ESCA system using MgK radiation (1253.6 eV and a o 705 . . .
. . o the quintet:septet’P:°P) final-state branching ratio as the
hemispherical analyzer pass energy of 17.90 eV, giving an

overall energy resolution of 1.1 eV. All binding energies areMn core size increases and becomes[Mny;05,]*"
9y ' ' g 9 gMn""4Mn" trapped-valence oxidation state. In addition,

ref(_erenced o the Fermi level qf the analytlpal Instrument he covalency of the larger complexes increases, manifesting
calibrated to the Au fl peaks. Binding energies were further . . . .
itself as a drastically reducedo3ranching ratio.

referenced to the Cslphotoelectron line arising from adven- .
. : Figure 2 presents the expanded Mn®re-level spectra
titious carbon at 284.6 eV to account for charging effects. -

for the Mn polynuclear complexes. The binding energy po-

sitions for the Mn3 ’S and®S multiplet components are
RESULTS AND DISCUSSION summarized in Table I. Note that the Ms 3nultiplet split-
Figure 1 shows the MnS8and 3 spectral regions for ting (AMn 3s) becomes smaller as the Mn trapped-valence
the manganese polynuclear complexes. As previously statedxidation state increases, consistent with published ‘@afa.
the excitation energy was 1253.6 eV, and thus the positionalso note that the'S and®S multiplet components shift ac-
and relative intensities of the Mrs3and Mn 3 multiplets  cordingly since they are correlated with charge transfer be-
can be considered to be in the sudden limit approximdtfon, tween the Mnd-states and ligang-states. In addition, note
with little coupling between the ion and the photoelectron.that the full width at half maximuntFWHM) of the °S mul-

The figure shows a chemical shift of the Mpg3, 1/, Spin—

orbit pair associated with the trapped-valence oxidation
states. The unresolvedp3peaks are somewhat broadened,
but a direct correspondence can be made between observed
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TABLE I. Summary of the Mn ® and 3 photoelectron results for manganese polynuclear complexes.

FWHM of Mn 3s peaks

Mn3p (eV) Mn3s (eV) (eVv) Mn 3s
Sample AMn 3s branching
[Mn oxidation staté P 5p s 53 s 53 (eV) ratio®
Mn(Me,DBM) 5 48.4 509 82.7 88.4 3.0 1.5 5.7 4.4
[Mn""] A=25
Mn(trop); 48.2 50.2 82.7 88.0 35 3.2 5.3 1.8
[Mn""] A=2.0
[MnzO(PhCOO) 48.2 50.5 82.8 88.6 3.2 2.8 5.8 2.2
P H,O A=23
(i o]
[Mn,O,(PhCOOYDBM,] 48.2 50.4 829 882 2.8 2.0 5.3 2.4
TBA A=22
[Mn'”]
[Mn,O,(PhCOOYHMP;] 47.7 50.2 824 884 3.0 3.2 6.0 1.8
TBA A=25
[Mn'”]
[Mn,O,(AcO)g 48.3 50.6 82.8 88.4 3.5 3.0 5.6 2.2
(Py),DBM,] A=23
[Mn”']
[Mn,O5(PhCOO)DBM,] 48.7 50.8 83.2 885 3.2 3.0 5.3 2.1
[3Mn"" Mn™V] A=2.1
[Mny,045 48.7 83.1 88.2 3.8 4.8 5.1 1.4
(AcO)s6
(H20),]
[8mn",4mn™v]

3The branching ratio of the MnS3peaks are based the area ratio of 18€'S states.

tiplet component is affected by ligand chemistry, consetion of Mn cluster size, nuclearity, and ligand type. Results
qguently affecting the Mn 8 branching ratio. Specifically, as show that the Mn p final-state branching ratio changes as
the ligand electronegativity decreases, charge-transfer frotihe Mn core size and trapped-valence oxidation state in-
the ligandp-state to the Mrd-state causes the spin-state pu-creases. In addition, as the covalency of the larger complexes
rity to be lost in the 3 spectra. Thus, the branching ratio increases, the 8 branching ratio is reduced. Results also
corresponding to S1/2 and S 1/2 final states that princi- show that the Mn 8 multiplet splitting became smaller as
pally reside on thep orbitals of the[ligand]” and thed the Mn trapped-valence oxidation state increased. The ob-
orbitals of thefMnO]" core, decreases. Note that the branch-served multiplet splitting provides further understanding of
ing ratios for complexes with the DBM ligand are larger these oxo-bridged manganese polynuclear complexes.
since the®S component is diminished, indicating that the

andd-electron spins are mostly parallel.

Figure 3 graphically summarizes the Mn cluster core S —
charge versus Mns3 multiplet splitting for the Mn poly- 16 ® M ;0,,(AcON(H0) 4
nuclear complexes. The multiplet splitting for these ligands
is an indication of the 8 polarization by the @ final states.

In addition, polarization of the ligand can delocalize mobile
7 electrons and thus affect multiplet splitting.

The polynuclear complex with the largest core size and
the [Mn,0;,]*%" 8Mn"4Mn'"V trapped-valence oxidation
state, exhibits the smallest Misdranching ratio. However,
this can be affected by the electronic properties of the ligand.
Specifically, note that the variation of the Ms 3nultiplet
splitting for the three complexes with tfi&in,0,]8* cores
is due to the different ligand electronegativities, the DBM
ligand having a higher electronegativity than the HMP
ligand. Similarly for the two complexes with MnA cores,
the trop  ligand having a higher electronegativity than the
Me,DBM ligand. Mn(rop); @ ® Mn(Me,dbm);

4~ SN SN NN 1 R S | 4
40 4.5 50 55 6.0 6.5 70

CONCLUSIONS AMa3e

We have presented the reSU“S_ of a SYS_tematiC study Gfig. 3. Mn cluster core charge versus Ms Bultiplet splitting for the Mn
the 3s and 3 outer core-level multiplet splitting as a func- polynuclear complexes.

1o Mn,O{AcOX(Py)sbm, 1

[MnOAPhCOO)hmp, TBA
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